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Abstract—Balanced steady state free precession (bSSFP) 
offers high signal efficiency and relative motion insensitivity. In 
this study, diffusion weighted bSSFP (DW-bSSFP) was 
introduced by modifying standard bSSFP sequence with two 
pairs of balanced bipolar diffusion gradients. The diffusion 
effect was analyzed and described in closed forms. It was found 
to be coupled to the transverse and longitudinal relaxation, flip 
angle and spin phase advance per TR. Such coupling was 
demonstrated in phantom experiment at 7T. Preliminary 
DW-bSSFP imaging experiment was performed in rat brain in 
vivo for diffusion tensor imaging, yielding parametric maps 
qualitatively similar to those obtained with an 8-shot DW-EPI 
protocol. The proposed DW-bSSFP approach can provide a new 
means of diffusion imaging with high resolution, relative motion 
insensitivity and short diffusion time. Such approach may lead 
to improved and new diffusion characterization of neural 
tissues, abdominal organs, myocardium and musculoskeletal 
tissues.  
Index Terms—diffusion MRI, balanced SSFP, steady state 
free precession, diffusion time, motion insensitive 
I. INTRODUCTION 
onventional magnetic resonance (MR) diffusion 
weighted (DW) images are acquired using spin echo 
(SE) sequences. Fast acquisition methods can be used to 
minimize the effect of undesirable bulk motion while 
detecting the effect of diffusion. Echo planar imaging (EPI) 
offers high acquisition speed and is now routinely employed 
in diffusion imaging. However, DW-EPI inherently suffers 
from low spatial resolution and geometric distortions due to 
field inhomogeneity, susceptibility related off-resonance 
effects and gradient eddy currents[1].  
Steady state free precession (SSFP) presents an alternative 
for studying diffusion effect. Analytical description of the 
diffusion effect in DW-SSFP sequences can be complex 
because the effect of diffusion cannot be decoupled from the 
relaxation times and flip angle[2, 3]. The effect of diffusion in 
presence of a constant gradient was first studied using Fourier 
decomposition and pulsed gradient per TR analytically 
partition analysis of echo paths[2]. Subsequent studies 
described the effect of diffusion in presence of a unipolar 
together with numerical simulations to show the behavior of 
signal decays for various combinations of relaxation times 
and flip angles[3]. 
Recently SSFP with unipolar diffusion gradients was used 
to perform diffusion imaging with high spatial resolution[4, 
5] and information of tissue orientation was utilized for 
tractography[6]. These studies employed the unbalanced 
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diffusion gradients within each TR and the signal was shown 
to be more sensitive to diffusion under the same diffusion 
weighting factor (b-value) computed per TR because the echo 
signal consists of multiple and long echo paths during which 
diffusion weighting occurs. However, such sequences were 
vulnerable to bulk motion artifacts due to relatively long TR. 
Bipolar diffusion encoding gradients have been introduced to 
overcome this problem and implemented in SSFP to acquire 
DW images using the contrast enhanced Fourier acquired 
steady state (CE-FAST) sequence[7, 8]. In general, these 
DW-SSFP sequences have yielded promising results in 
studying diffusion effect despite the complex dependence of 
signal decay on tissue relaxation times and imaging 
parameters. However, imaging and diffusion gradients in 
these sequences were not fully balanced. 
In balanced SSFP (bSSFP), all imaging gradients are fully 
balanced and signals reach a steady state[9]. With advances in 
gradient hardware and shimming system, bSSFP is now 
routinely employed in applications that require a rapid and 
motion insensitive sequence such as cardiovascular imaging 
and abdominal imaging, and those demanding more isotropic 
voxels to avoid partial volume effects such as 
musculoskeletal imaging. So far, there has been no theoretical 
and experimental attempt to exploring and utilizing the 
diffusion effect in bSSFP sequence that incorporates balanced 
bipolar diffusion gradients. Such fully balanced diffusion 
weighted bSSFP sequence (DW-bSSFP) can retain the 
advantage of standard bSSFP in achieving high signal 
efficiency. More importantly, it offers promise of high spatial 
resolution and minimal image distortion and it is less 
sensitive to bulk motion because of the very short TR and 
fully balanced gradients. 
 This work aimed to formulate the analytical description of 
diffusion effect in the proposed DW-bSSFP sequence and 
examine the influence of relaxation times, flip angle and 
phase advance. The issues related to its practical 
implementation for diffusion imaging and potential 
applications were also discussed.  
II. MATERIALS AND METHODS 
A. Theory 
To probe the diffusion effect, two symmetric pairs of 
bipolar diffusion encoding gradients are introduced per TR in 
bSSFP as shown in Figs. 1 and 2. Without losing generality, 
only diffusion gradients along one particular direction are 
considered together with a series of RF pulses of flip angle α 
around x-axis with successive phase advance β within each 
TR (Fig. 1). The overall effect of bipolar diffusion gradient 
can be considered as an enhanced T2 effect throughout TR. 
The transverse magnetization in DW-bSSFP evolves 
identically to that derived for standard bSSFP imaging 
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Fig. 2 The proposed diffusion weighted (DW) bSSFP (DW-bSSFP) 
imaging sequence. Diffusion encoding gradients (solid black areas) can be 
inserted along slice, readout and phase encoding directions. 
sequence[2], with
 
enhanced T2 decay throughout TR. The 
magnetization immediately after excitation at steady state is: 
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weighting factor(2γ2G2δ3/3) . Signal at TE=TR/2 is: 
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Eqs. 1 and 2 indicate that the effect of diffusion in 
DW-bSSFP is related to not only bD but also T1, T2, TR, flip 
angle α and phase advance β. When β=0, the DW signal 
attenuation can be expressed as  
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where Sb and S0 are the signals with and without diffusion 
weighting, respectively. When β = π, it is  
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In practice, E1 can be assumed to be unity if TR<<T1 and 
Eqs.3 and 4 will then reduce to the following and become 
independent of flip angle α if α is not very small: 
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In another scenario when the b-value is sufficiently large 
(2bD>>1) such that the residual transverse magnetization at 
end of each TR is negligible, the effect of diffusion acts on the 
DW-bSSFP signal in a monoexponential decay manner, 
similar (but not identical) to the diffusion effect in the fast low 
angle shot (FLASH) with bipolar diffusion gradients. In this 
case, Eqs.3 and 4 reduce to the following and exhibit 
monoexponential dependence on diffusivity: 
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B. MR acquisition 
Preliminary MRI experiments were performed in phantoms 
and in vivo rat brains using a 7T Bruker PharmaScan MRI 
scanner with maximum gradient of 360 mT/m. Gadolinium 
phantoms: Uniform gel suspensions with different 
concentrations (0.05 mM, 1 mM, 2.5 mM, 5 mM) of 
Gadolinium (Gd) (Dotarem®, Guerbet) were prepared in 
4-cm long, 1-cm diameter, 2-mL cylindrical phantom tubes. 
Localized voxel shimming with fast automatic shimming 
technique mapping along projections (FASTMAP) was 
performed individually in each phantom before acquiring 
data. DWIs of the phantoms were acquired using the proposed 
DW-bSSFP sequence with multiple b-values ranging from 0 
to 1000 s/mm
2
 applied along the readout direction. The 
following parameters were used: TR/TE=46/23 ms, δ=10 ms, 
flip angle α=30°, field of view (FOV)=45X45 mm2, 
acquisition matrix=128X128, slice thickness=1 mm and 
number of excitations (NEX)=16. Alternating RF pulses were 
used (β=π) and the maximum magnitude of the diffusion 
gradient (G) was 144 mT/m. Large circular regions of interest 
(ROIs) covering the gels in each Gd phantoms were drawn to 
measure the DW signal decays. DWIs were also acquired 
using an 8-shot DW SE-EPI with the TR/TE=3200/28 ms, 
δ/Δ=5/10 ms, identical b-values, image resolution and slice 
thickness. The DW signal decays were fitted 
monoexponentially to quantify the diffusivities in these 
phantoms. In vivo rat brain: A normal adult SD rat was 
anesthetized with isoflurane throughout the brain MRI 
experiment. A field-map based shimming technique 
(MAPSHIM, ParaVision5), in which field variations inside 
an ROI was compensated based on the static magnetic field 
distribution, was applied prior to diffusion experiment. The 
static magnetic field distribution was acquired with TR=20 
ms, TE=1.96/8.62 ms and isotropic resolution (200μm). The 
shim volume was an 11x6 x1 mm
3
 slab positioned in the rat 
brain and the resulting water linewidth was ~0.05 ppm. DW 
images were then acquired using the proposed DW-bSSFP 
sequence with the following parameters: TR/TE=46/23 ms, 
δ=10 ms, G=144 mT/m, b=1000 s/mm2, α=30°, FOV=32 x 32 
mm
2
, acquisition matrix=128 X 128, slice thickness=1 mm 
NEX=16 and β=π. Diffusion encoded gradients were applied 
along 6 directions. For qualitative comparison, corresponding 
8-shot SE-EPI DWIs were also acquired with the same slice 
localization, resolution and diffusion encoding directions 
(TR/TE=3200/28ms, δ/Δ=5/10 ms, b=1000 s/mm2). All 
diffusion tensor image (DTI) maps were computed using the 
software DTIStudio. Note that, for DW-bSSFP, diffusivities 
along each direction were estimated by simply assuming the 
monoexponential DW signal decay with respect to b. 
 
Fig. 1. A simplified balanced steady state free precession (bSSFP) sequence 
with two pairs of bipolar diffusion encoding gradients of amplitude G and 
duration δ per TR. The first pair of bipolar gradients begins at time ε after 
the RF pulse. Dashed line indicates the echo time TE at TR/2.  
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 Fig. 4 a) B0 and DWIs of an adult rat brain acquired in vivo at 7T using the 
proposed DW-bSSFP sequence and an 8-shot DW-EPI sequence.  For each 
DWI, the diffusion encoding direction is shown within the image as (x, y, 
z). b) DTI parametric maps were computed from the DW-bSSFP and 
DW-EPI images, yielding qualitatively similar results. Diffusivities are in 
the unit of 10-3 mm2/s.  DEC-FA: directionally encoded FA; FA: fractional 
anisotropy; AD: axial diffusivity; RD: radial diffusivity; MD: mean 
diffusivity. 
 
Fig. 3 a) B0 and diffusion weighted images (DWIs) of four Gd phantoms 
with different concentrations acquired at 7T using the proposed DW-bSSFP 
sequence . b) Plot of the normalized DW signal decay measurements from 
large ROIs within the phantoms, demonstrating the influence of Gd 
concentrations (i.e., relaxation times) on diffusion effect.  
III. RESULTS 
 The Gd phantom images without diffusion weighting (B0) 
and DWIs acquired at 7T with different b-values are shown in 
Fig. 3a. No apparent distortion and ghosting artifacts were 
observed in these images. The DW signal attenuations in 
these phantoms are shown in Fig. 3b. Although the similar 
diffusivity value was found in these 4 phantoms using the 
DW-EPI protocol (2.41±0.02×10
-3 
mm
2
/s), their DW-bSSFP 
signal decays were different. These experimental results 
clearly indicated that the DW-bSSFP decay characteristic is 
dependent of the relaxation times as predicted by the 
theoretical formulation above. Fig. 3b also shows that DW 
signal decay became increasingly mono-exponential when at 
large b-value (particularly after bD≥1). Note that the T1 and 
T2 ranges in these phantoms were estimated to be 50-1600 ms 
and 30-90 ms respectively, using SE sequence with varying 
TRs and multi-echo SE sequence. 
Fig. 4a shows the rat brain B0 images and DWIs acquired in 
vivo using the proposed DW-bSSFP and 8-shot 
respiratory-gated DW-EPI protocols. In white matter 
structures, DW-bSSFP images exhibited similar anisotropic 
information as that revealed by DW-EPI DWIs. No apparent 
head motion artifacts (associated with respiratory motion) 
and geometric distortions were observed in DW-bSSFP 
images. Note that ghosting artifacts were sometimes observed 
in DW-EPI images due to respiratory motion (not shown), but 
they were absent in all DW-bSSFP images acquired in the 
current study. Fig. 4b shows the DTI parametric maps that 
were computed from DW-bSSFP images by simply assuming 
monoexponential signal decay, which were qualitatively 
similar to those obtained by the DW-EPI protocol. Simple 
ROI measurements revealed that the diffusivities in most of 
brain regions differed quantitatively from those computed 
from DW-EPI images. This was largely expected given the 
complex signal attenuation behavior and the simple 
monoexponential model used in the diffusivity quantification 
from DW-SSFP signals. Some minor discrepancies in the FA 
maps were also observed. They likely arose from the actual 
non-monoexponential relationship between the measured 
diffusion attenuation and actual diffusivity. They might be 
also ascribed to the imperfect shimming and thus the resulting 
β (or more precisely, βB0) effect, extent of which could vary 
with the actual diffusivity along any particular direction. 
IV. DISCUSSIONS AND CONCLUSION 
 The diffusion effect in DW-bSSFP signal depends on not 
only the diffusivity and b-value, but also T1, T2 and 
acquisition sequence parameters, namely TR and flip angle. 
The major challenge of applying this DW-bSSFP is that the 
effects of these parameters have to be taken into account 
carefully during diffusivity quantification. Furthermore, the 
diffusion effect also depends on phase advance per TR(β) that 
can be incurred by both successive RF phase advance and 
magnetic field inhomogeneity, together with B1 
inhomogeneity that could affect the flip angle. 
Several analytical and technical issues are yet to be 
resolved before the proposed DW-bSSFP approach produces 
efficient and robust diffusion quantification in practical 
applications. Given Eqs. 3 and 4, we need to measure T1 and 
T2 of each voxel to analytically quantify the diffusivity after 
obtaining the DW-bSSFP signals. In this regard, it remains to 
be addressed in the future studies how T1 and T2 measurement 
errors propagate into the diffusivity estimation so to 
determine the level of accuracy required for prior T1 and T2 
knowledge. In practice, it may be possible to simplify these 
analytical equations presented. For example, with TR<<T1 
and β equal to 0 or π, the DW signal decays described by Eqs. 
5 and 6 can be employed to measure diffusivity if only prior 
knowledge or estimation of T2 is available. Also, note that 
DW bSSFP signal attenuation at large b values (2bD>1) 
varies with bD approximately in a simple monoexponential 
manner. The approaches to quantifying diffusivity using 
DW-bSSFP signals are yet to be evaluated and optimized for 
their accuracy and efficiency in practical applications. The 
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optimal approaches are expected to depend on field strength, 
acquisition sequence parameters, MRI system hardware 
capability and the relaxation property of the tissue targeted. 
Technically, the vulnerability of DW-bSSFP images to 
static magnetic field inhomogeneity and magnetic 
susceptibility scales up with field strength and TR as in 
bSSFP imaging. It can be observed in Fig. 4a that both B0 and 
DWIs exhibited certain signal loss or increase in some 
regions. This likely resulted from the varying β effect 
associated with the field inhomogeneity at 7T and the 
relatively long TR used (46 ms). Nevertheless, such bSSFP 
and DW-bSSFP image quality can be improved through 
improved shimming and use of shorter TR that can be 
achieved with increasingly available strong gradient and 
shimming hardware. Furthermore, the proposed DW-bSSFP 
approach can be particularly suitable to the MRI systems with 
low static field strength, good shimming and strong gradient. 
DW-bSSFP approach can be utilized to quantify the 
diffusivity along any specific direction. Like other DW 
sequences, it can be generally applied to MR diffusion 
characterization of tissue microstructure and anisotropy via 
DTI or other higher order diffusion imaging[10, 11]. 
DW-bSSFP approach offers several advantages over the 
widely used DW-EPI approach. First, it allows high spatial 
resolution as a result of bSSFP acquisition. Because of the use 
of bipolar gradients with short diffusion time, the distortion 
due to eddy currents is expected to be minimal. Secondly, 
DW-bSSFP is less sensitive to the bulk motions that are 
relatively slow with respect to TR because of the fully 
balanced bipolar diffusion and imaging gradients, a distinct 
feature similar to that offered by standard bSSFP imaging. 
Therefore, the DW-bSSFP approach can be suited for 
diffusion imaging of the organs where motion insensitivity is 
required such as brain[12, 13], heart[14, 15], musculoskeletal 
system, spinal cord and other abdominal organs[16-18]. 
Furthermore, DW-bSSFP uses short diffusion time. Short 
diffusion time probes the complex and restricted diffusion 
processes with short diffusion distance, thus potentially 
offering different or/and more sensitive diffusion 
characterization of tissue microstructures because cellular 
compartments of different dimensions in may be better 
probed by choosing an appropriate diffusion distance. The 
diffusion gradient duration δ in Fig. 1 can be easily altered. 
However, the use of bipolar gradient also lengthens the TR 
that lead to a loss of SNR. Lastly, although only 2D 
DW-bSSFP was demonstrated in the current study, the 
formulation of diffusion effect in DW-bSSFP is equally 
applicable to 3D DW-bSSFP.  
The diffusion effect in the proposed DW-bSSFP approach 
was formulated in analytically closed forms. The potential 
utility of DW-bSSFP to study neural tissue anisotropy was 
demonstrated in preliminary phantom and in vivo brain 
experiments. The proposed DW-bSSFP approach and 
analytical formulation presented can provide a new approach 
to diffusion imaging, including DTI, with high spatial 
resolution, minimal image distortion, relative motion 
insensitivity and short diffusion time. Such approach may 
lead to improved and new MR diffusion study of neural 
tissues and their microstructural characterization. 
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